At last, all the major emitters of greenhouse gases (GHGs) have agreed under the Copenhagen Accord that global average temperature increase should be kept below 2°C. This study develops the criteria for limiting the warming below 2°C, identifies the constraints imposed on policy makers, and explores available mitigation avenues. One important criterion is that the radiant energy added by human activities should not exceed 2.5 (range: 1.7-4) watts per square meter (Wm −2 ) of the Earth's surface. The blanket of man-made GHGs has already added 3 (range: 2.6-3.5) Wm −2 . Even if GHG emissions peak in 2015, the radiant energy barrier will be exceeded by 100%, requiring simultaneous pursuit of three avenues: (i) reduce the rate of thickening of the blanket by stabilizing CO 2 concentration below 441 ppm during this century (a massive decarbonization of the energy sector is necessary to accomplish this Herculean task), (ii) ensure that air pollution laws that reduce the masking effect of cooling aerosols be made radiant energy-neutral by reductions in black carbon and ozone, and (iii) thin the blanket by reducing emissions of short-lived GHGs. Methane and hydrofluorocarbons emerge as the prime targets. These actions, even if we are restricted to available technologies for avenues ii and iii, can reduce the probability of exceeding the 2°C barrier before 2050 to less than 10%, and before 2100 to less than 50%. With such actions, the four decades we have until 2050 should be exploited to develop and scale-up revolutionary technologies to restrict the warming to less than 1.5°C. December 7-19, 2009, in Copenhagen to arrive at an international agreement for mitigating climate change. An agreement could not be reached; instead, the COP-15 arrived at the so-called "Copenhagen Accord" (CHA). Of the 193 nations that attended, including the leaders of major developed and developing nations, all but a few nations (Bolivia, Cuba, Nicaragua, Sudan, and Venezuela) supported the accord. The most significant part of the succinct three-page 12-paragraph CHA (1) is the following: "We underline that climate change is one of the greatest challenges of our time" in its opening paragraph, followed by the second paragraph, which begins with "We agree that deep cuts in global emissions are required according to science, and as documented by the IPCC Fourth Assessment Report with a view to reduce global emissions so as to hold the increase in global temperature below 2 degrees Celsius, and take action to meet this objective consistent with science and on the basis of equity." Targets for greenhouse gas (GHG) emission reductions as required by Appendix 1 of the CHA have already been provided by over 100 countries, including most if not all of the major emitters. The initial response to the CHA was one of disappointment (2), particularly because it did not include binding targets for reductions in CO 2 emissions. As such, the CHA is considered to be just a political document (2).
T he unsuccessful Kyoto Protocol's first commitment period comes to an end in 2012. The 15th Conference of the Parties (COP-15) of the United Nations Framework Convention on Climate Change met December [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] 2009 , in Copenhagen to arrive at an international agreement for mitigating climate change. An agreement could not be reached; instead, the COP-15 arrived at the so-called "Copenhagen Accord" (CHA). Of the 193 nations that attended, including the leaders of major developed and developing nations, all but a few nations (Bolivia, Cuba, Nicaragua, Sudan, and Venezuela) supported the accord. The most significant part of the succinct three-page 12-paragraph CHA (1) is the following: "We underline that climate change is one of the greatest challenges of our time" in its opening paragraph, followed by the second paragraph, which begins with "We agree that deep cuts in global emissions are required according to science, and as documented by the IPCC Fourth Assessment Report with a view to reduce global emissions so as to hold the increase in global temperature below 2 degrees Celsius, and take action to meet this objective consistent with science and on the basis of equity." Targets for greenhouse gas (GHG) emission reductions as required by Appendix 1 of the CHA have already been provided by over 100 countries, including most if not all of the major emitters. The initial response to the CHA was one of disappointment (2) , particularly because it did not include binding targets for reductions in CO 2 emissions. As such, the CHA is considered to be just a political document (2) .
The present article, on the other hand, argues that an agreement to limit the warming below 2°C is significantly more formidable than requiring 50-80% reductions in CO 2 emissions before 2100. In what follows, we develop the criteria imposed by the 2°C barrier, the constraints faced by policy makers, and available avenues for limiting the warming (summary provided in Box 1). The overarching principle that emerges from the present analyses (Box 2) is that we have to evolve from the CO 2 -based approach of climate management pioneered by several studies (3) (4) (5) (6) (7) (8) into one that integrates the management of the carbon budget with the radiant (IR and solar) energy budget of the planet (3) (4) (5) (6) (7) (8) .
The 2°C CHA barrier is based on recommendations by numerous scientific studies (3) (4) (5) (6) (7) (8) , which suggest that global warming in excess of 2°C can trigger several climate-tipping elements and lead to unmanageable changes. It is also likely that the 2°C barrier will be revised to lower values as regional consequences are better understood (5) (6) (7) (8) , a possibility that is also acknowledged by the CHA in its concluding paragraph.
Criteria for the 2°C Barrier
Developing the criteria for the 2°C limit is elegantly simple. A synthesis of empirical and 3D climate model studies (9) leads to the conclusion that the climate system should warm by 0.8°C (range: 0.5-1.2°C) per watts per square meter (Wm . The 2°C temperature barrier translates into a 2.5-Wm −2 barrier for the energy addition and equals 1,280 terawatts (10 12 W) of energy when summed over the globe. For comparison, the global energy consumption by human activities is 15 terawatts (10). The addition of radiant energy to the climate system is also referred to as radiative forcing. The energy budget criteria can be converted into a metric frequently used by policy makers, the equivalent CO 2 (CO 2,E ) concentration that will give rise to the 2. Policy Makers' Dilemma The 2.5-Wm −2 barrier poses a huge dilemma for policy makers because the blanket of man-made GHGs that surrounds the planet as of 2005 has already trapped 3 (range: 2.6-3.5) Wm −2 (13) (Box 2). The most severe constraint faced by policy makers is that the radiant energy This article is a PNAS Direct Submission. 1 To whom correspondence should be addressed. E-mail:
This article contains supporting information online at www.pnas.org/lookup/suppl/doi:10.1073/pnas. 1002293107/-/DCSupplemental. barrier of 2.5 Wm −2 has already been exceeded by 20%.
Challenges for Policy Makers
The planet is very likely to experience warming in excess of 2°C if policy makers stringently enforce existing air pollution laws and remove reflecting aerosols without concomitant actions for thinning the GHG blanket (14, 20) . Reducing emission of long-lived GHGs such as CO 2 will not thin the blanket this century because of the century to 1,000 years lifetime of CO 2 molecules in the air. Reductions in CO 2 emissions are essential to prevent further thickening of the blanket, however (21, 22) . The other option is to keep polluting the air with reflecting particles (Box 2). However, the particles reduce air quality, have negative health effects, and produce "acid" rain (23) . The particles can also suppress rainfall and lead to droughts, especially in the tropics (24, 25) . A third option is to hope for the 10% or less probability (14) that climate is more resilient than projected by most climate models; that is, instead of warming by 0.8°C per Wm −2 of heat addition, it warms less than 0.5°C per Wm . Policy makers can hope for the best, but a prudent approach would be to plan for more probable outcomes.
Avenues for Managing the Watts
The model proposed here is a combination of the so-called "carbon budget" approach (4, 26, 27 ) and the radiant energy budget approach proposed in the present study. The carbon budget approach limits the cumulative CO 2 emissions from now until 2050 or 2100 to a prescribed amount. The radiant energy budget approach limits the net (GHGs + aerosols) watts added by human activities to 2.5 (range: 1.7-4) Wm . There are three avenues for managing the watts added to the system.
The quantitative mitigation potentials of the three avenues and the probability of limiting the warming to 2°C are illustrated with a model (40) (41) (42) ), which is about Box 1. Meeting the Challenges of the CHA. Criteria.
The 2°C warming limit places a barrier on the radiant energy added by human activities at 2.5 (range: 1.7-4) Wm −2 . The corresponding limit on CO 2,E is 441 (range: 380-580) ppm. CO 2 concentration has to be stabilized below 441 ppm before 2100. Air pollution laws that reduce the masking effect of cooling aerosols must enforce offsetting reductions in BC and ozone to remain radiant energy-neutral.
Constraints.
The radiant energy barrier of 2.5 Wm −2 has already been exceeded by 20%. The inadvertent unmasking of the warming by air pollution laws places a severe constraint on mitigation.
Avenues.
Manage the budget of both carbon and radiant energy. . SON_Mix of particles from fossil fuel and biomass combustion act like mirrors and reflect solar radiation back to space (−2.1 Wm −2 ; the transparent blue-shaded circle). The resulting dimming effect at the surface has been observed in land stations around the world (18, 19) . The net aerosol masking effect (−2.1 + 0.9 = −1.2 Wm −2 ), along with the 0.2-Wm −2 cooling by land surface changes, accounts for the missing 50% of the warming by GHGs. There is at least a 3-fold uncertainty in current estimates of the aerosol masking effect (the inner and outer circle of the net forcing in the figure), which has significant implications for 21st century warming as explained later. 100% larger than the 2.5-Wm −2 barrier. The criterion that emerges is that any mitigation strategy must start with drastic CO 2 emission reductions to stabilize CO 2 concentrations below 441 ppm during this century. The required reductions are in the range of 50% by 2050 and 80% before 2100 as recommended by the carbon budget approach outlined elsewhere (4, 26, 27) (Fig. 1A) . The blanket will still get thicker, but CO 2 concentration will stabilize at less than 441 ppm during the 21st century (4, 26, 27) (Fig. 1B) .
Halving the CO 2 emissions by 2050 is a forbidding challenge requiring massive decarbonization of many anthropogenic activities. It requires a portfolio of actions in the energy, industrial, agricultural, and forestry sectors such as conservation and efficiency improvement to reduce the carbon intensity of energy use, aforestation, replacement of fossil fuels with renewables, carbon capture and storage, and numerous other steps (27, 28). In contrast, as discussed below, the actions listed under avenues ii and iii are achievable using existing technologies and stringent application of existing air pollution polices.
Avenue ii: Offset Warming from the Reduction of Aerosol Masking. The major contributors to the reflecting aerosols are sulfates from SO 2 emission, nitrates from NO x (NO + NO 2 ) emission, and organic aerosols from combustion of fossil and biomass fuels. Experimental results have shown that these aerosols occur as internal mixtures (29), whose chemical and radiative properties are quite different. Accordingly, this study refers to aerosols as sulfates-organicsnitrates mixtures (SON_Mix). Worldwide SO 2 emissions increased from about 10 million tons of sulfur per year (Mt S/yr) to a peak of 65-70 Mt S/yr in the early 1980s and have been declining since then to about 55 Mt S/yr as of 2000 (30) . The resulting increases in visibility and solar radiation at the surface have been recorded in Europe and North America (31), accompanied by warming trends (32, 33) . Projections call for about a 60% reduction in SO 2 emissions by 2050, with stricter enforcement of air pollution laws (34) . Such a move can unmask much of the potential warming effect of anthropogenic GHGs.
Fortunately, there are two independent paths to accomplish this seemingly Herculean task. First, air pollutants also lead to black carbon (BC) aerosols that trap (absorb) solar radiation in the atmosphere and heat the blanket directly. BC, a major contributor to warming (35-37) (Box 2), has a very short lifetime of days to weeks. Reductions in BC emissions will immediately lead to a reduction in the energy input to the system. Second, air pollution also produces ozone, which is a strong GHG, in the lower atmosphere (38) . (40) is coupled with an energy balance climate model with a 300-m ocean mixed layer to simulate the temporal evolution of global mean surface temperature. Such models are well documented (41) . The model accounts for historical variations in the energy input to the system attributable to natural factors, GHGs, and air pollutants (i.e., SO 2 , NO + NO 2 , CO, BC, organic carbon) (13) . The natural factors include variations in energy input on interannual (13), 11-year solar cycle (13) , and multidecadal (60 years) (42) scales. The model is calibrated by comparing it with the observed 20th century changes in CO 2 concentrations (Fig. 1A in this box) , in temperature (Fig. 1B in this box) , and in the heat content of the global ocean (Fig. 1C in this box) . Without the natural factors, the model would be unable to simulate the temporal patterns, particularly the steep warming trend during the 1910s to 1940s followed by three decades of a weak cooling trend. Methane, NO x , CO, and nonmethane volatile organics (NMVOCs) are the gases that produce ozone. NO x contributes to production of near-surface ozone. Methane, CO, and NMVOCs lead to ozone production within the entire troposphere (13) . Methane contributes about 50% of the ozone greenhouse effect (Box 2), CO and NMVOCs contribute another 35%, and the balance is contributed by NO x (13, 39) . In our model, the ozone reduction is caused by reductions in methane and CO. All these ozone precursors, except methane, fall under the category of air pollutants. The lifetime of ozone is about a month; hence, energy addition attributable to ozone will respond quickly to mitigation actions.
Avenue iii: Thin the Greenhouse Blanket. Finally, we must reduce the 3 Wm −2 that is already in the system. We can thin the blanket by reducing emissions of shortlived GHGs: methane and hydrofluorocarbons (HFCs). As noted under avenue ii above, reduction of methane emission will also reduce ozone. Methane reductions also pose huge challenges. About 33-45% of the annual CH 4 emission of 230-300 Mt is caused by livestock and the agriculture sector, 30% is caused by the energy sector, and 25% is caused by waste treatment and disposal (13, 27, 28) . The required actions include reduced pipeline leakage in the gas sector, productivity improvements in livestock management and rice cultivation, and reduction of CH 4 emissions from landfills and coal extraction with subsequent recovery for energy purposes.
Mitigation Potentials of the Three Avenues
The basic assumption is that emissions of all the GHGs will continue to grow until 2015. CHA mitigation actions are assumed to go into full implementation in 2015. The mitigation avenues are guided by the following two objectives: to reduce the probability of a warming in excess of 2°C before 2050 to less than 10%, and to reduce the probability of the warming exceeding 2°C before 2100 to less than 50%. In what follows, we describe each avenue. The case that employs all three is referred to as the full-mitigation avenue (FMA).
The business as usual (BAU) scenario is that emission of CO 2 will peak at 2015 and remain at the 2015 level until 2100 and that the emissions of non-CO 2 GHGs will peak at 2030 (34) . In addition, current air pollution laws for reducing SO 2 emissions in developed nations will be implemented worldwide, particularly in China and India. This assumption is justified on the basis that air pollution is a major source of concern in these countries (more so than the climate change concerns) and the so-called "Euro-standards" are being implemented in China and India (43) . Clearly, the BAU scenario, even though it stabilizes emissions, violates all the criteria (Box 1). About 2.7 Wm −2 will be added from 2005 to 2050 (Fig. 2, Left) , such that the net (GHGs + aerosols) energy added from the preindustrial era to 2050 will exceed 4 Wm −2 . The avenue for stabilizing CO 2 concentration is the carbon budget approach (4, 26, 27 ). The cumulative emission of CO 2 (both fossil fuel and land use change) from 2010 to 2050 is limited to 950 Gt of CO 2 , and the cumulative emission from 2050 to 2100 is reduced to 425 Gt of CO 2 . These emissions are within 15% of those articulated by the carbon budget approach to limit warming to 2°C. CO 2 concentration will peak at about 430 ppm by 2050 (Fig. 1B) . The radiant energy added by the increase of CO 2 from the preindustrial era to 2050 will be 2.3 Wm −2 . If human activities add no further watts to the system, such an action, by itself, would be sufficient to limit the warming to 2°C. This is not likely to occur, however. With an increase in population from 6.5 to 9 billion during this century, we must allow for BAU increases in non-CO 2 GHGs that will add another 0.7 Wm −2 (Fig. 2, Left) . The warming attributable to just the GHGs can exceed 3°C (Fig. 1D, red line) , and we will be more dependent on the mirrors to mask this warming (Fig. 1D , difference between red and blue lines). Unfortunately, time may be running out for this option too. As projected (34), extension of current air pollution laws to the rest of the world can reduce SO 2 emissions by as much as 60% by 2050. The resulting reduction of the SON _ Mix cooling can add another 0.65 Wm −2 (Fig. 2, Left) . Even with a drastic CO 2 reduction, the net (GHGs + aerosols) energy addition from 2005 to 2050 is about 2.2 Wm −2 (Fig. 1C , blue line) and the warming can exceed 2°C before 2050 (Fig. 1D, blue line) .
The deduction above may seem inconsistent with recent studies (4, 26) , but it is not. These earlier studies assume a 50% reduction in all GHG emissions and furthermore implicitly assume that the reduction of the aerosol cooling effect by SO 2 reductions will be mostly compensated for by increases in nitrate aerosols from NO x pollution. The latter assumption of offsetting SO 2 pollution with NO x pollution is not supported by recent studies (34, 43) , which show that technologies exist to reduce SO 2 as well as NO x emissions significantly during this century. The offsetting effect of NO x pollution is also not supported by surface solar data (31) (32) (33) , which reveals brightening in most of the developed nations during the past few decades in response to stringent enforcement of air pollution laws. Finally, building in such a Faustian bargain may not be desirable, given the damaging effects of NO x on human health and agriculture (44) . Thus, another severe constraint in our ability to limit the energy addition is the inadvertent reduction of the aerosol cooling effect.
We have to complement CO 2 and SO 2 reductions with reductions in other warming agents resulting from air pollution, which are BC and the pollutant gases that produce tropospheric ozone (3, 14, 22, 45 (13) to the surface. This direct warming is also estimated to be a major factor in the observed warming of the Arctic (37, 48) and the Himalayan-Tibetan glacier region (49, 50) . We adopt 0.9 Wm −2 for the BC energy addition from the preindustrial era (before 1750) to 2005, which translates to 0.6 Wm −2 for the period from 1900 to 2005. In a later section that explores uncertainties in aerosol effect, we allow for a 50% uncertainty in the BC energy addition.
The third criterion that emerges is that air pollution regulations that reduce the masking effect of cooling aerosols must also include reductions in emissions of BC and ozone-producing gases to remain wattneutral.
We adopt the recommendation of the studies by the International Institute for Applied Systems Analysis (IIASA) (34) and the Royal Society (43) . Technologies are available to achieve these reductions (21, 34) . When combined with a 50% CO 2 reduction by 2050, non-CO 2 reductions with current technologies can limit the post-2005 net (GHGs + aerosols) energy addition to about 0.7 Wm −2 (Fig. 2 , Right). The simulated warming for the FMA careens slightly below the 2°C threshold (Fig. 1D, black line) .
Regulatory policies and forums exist to reduce non-CO 2 warming agents. The Montreal Protocol with modifications for HFC regulations (21) can be an effective tool for reducing watts attributable to HFCs (21, 51). National policies exist to limit CO and other ozone-producing gases (34) . Fig. 3 . Pdfs of simulated future temperature (in the years 2050 and 2100 for the FMA; same forcing as black lines in Fig. 1C ). The uncertainty is from climate sensitivity uncertainty, and a confidence level >90% is shown in shade because of poor understanding of the tail of the distribution toward high warming rates. The distribution in the shaded region should be treated as unreliable.
These can be extended to enforce methane reductions, because methane contributes more than 50% to the production of ozone (9) . BC is already implicitly included in air pollution regulations that set standards for particle emissions (35, 45, 52) . These regulations have to be made more explicit. Such fast-track actions will be a major incentive for policy makers and political leaders (21) . The impact of their actions on human health and environment should be visible during their tenure.
Need for Verification of the Approach
We need to start demonstration projects and conduct field experiments to evaluate the true impact of the various air pollution mitigation options outlined here. Current estimates, including the ones shown here, are model-based values. Let us take the case of BC. Sources that emit BC also emit organic carbon. Some of the organics absorb solar radiation, also referred to as brown carbon, whereas others reflect solar radiation (53) . The mix of BC and organics can also modify clouds (54) (55) (56) , in turn, amplifying the radiant energy input by BC. Thus far, it is clear that BC warming effects dominate over the organics for fossil fuels and that BC mitigation efforts must start with diesel fuel (57) . Fortunately, regenerative filters for diesel vehicles that reduce BC emissions by up to 99% (52) are available in the market and are in use. The situation is different for biomass cooking, which emits more organics and also emits methane and CO, both of which produce ozone and thus amplify the warming effect of BC. We need scientifically monitored intervention field studies. One such study is Project Surya (58), which was developed for rural India to evaluate the global warming role of BC from biomass cooking.
Coping with Uncertainties in Climate Science
There is about a 50% probability that climate is more sensitive than the central value used here (9, 59) . Probability density functions (pdfs) for climate sensitivity have been estimated by climate models (9, 59) . The corresponding pdfs for the FMA are shown in Fig. 3 . The FMA reduces the probability of warming in excess of 2°C before 2050 to less than 10%. However, the 2100 pdf reveals that even the FMA has only a 50% probability of limiting warming below 2°C. Another source of surprises in the projected outcomes is that the large uncertainties in the aerosol cooling and the BC warming may go the wrong way to accelerate the warming. For example, it is not inconceivable that the BC forcing is smaller (or larger) by 50% and that the negative value of SON_Mix masking is also smaller (or larger) by 50%, such that the sum of the BC energy addition and the SON _ Mix masking can be as low as −1.8 Wm −2 (60) (or as large as −0.5
). If it is −0. , unmasking during the coming decades can lead to a large addition of energy and warming can exceed 2°C before 2100 (Fig. 4A, black line) . Which of the three cases is more realistic? Models with aerosol effect between −1.4 Wm −2 and −0.5 Wm −2 agree better with temperature trends (Fig. 4A ), whereas models with aerosol cooling effect in the range of −1.8 to −1.4 Wm −2 simulate better the observed trend of energy added to the oceans (Fig. 4B) , which is discussed next. Uncertainty in aerosol forcing has a profound effect on the projected 21st century temperature changes (Fig. 4A) is equivalent to a 2.5% increase in the brightness of the sun or the estimated energy (e.g., 6) it took to switch the planet from its glaciated stage about 20,000 years ago to its current interglacial period.
A Powerful Diagnostic Tool A fundamental quantity that can give us critical insights is the energy added to the ocean (Fig. 4B) , which is the rate of change of ocean heat content (OHC) with time.
Since the 1960s, OHC has been measured with sufficient accuracy (16, 62) . A recent study of observed temperature variations in the ocean through 2,000 m depths (62) shows , consistent with present simulations (Fig.  4B) . The most important inference from Fig. 4B is that irrespective of the magnitude of the aerosol masking, the OHC response to mitigation actions shows a reversal in the positive trend of ocean energy addition to negative within two decades after the mitigation actions begin, well before 2050 and well before the temperature trends show a reversal (compare Fig. 4A with Fig. 4B ). If this finding with the simple climate model is verified by 3D atmosphere-ocean climate models, the time rate of change of OHC would prove to be a powerful diagnostic for evaluating the success of mitigation actions.
Available Avenues for Coping with Rapid and/or Abrupt Warming Let us now consider the less than 50% probability that warming exceeds 2°C before 2100 (Fig. 3, blue line) . Such abruptly large warming can trigger natural feedbacks such as methane ventilation from permafrost and the Arctic Shelf (63, 64) or a more rapid retreat of Arctic sea ice (65) and Alpine glaciers (66) and snow packs. Available avenues for such extreme events can be classified under two categories: passive and invasive geoengineering (67, 68) . Passive geoengineering basically involves thinning the blanket by capturing CO 2 [e.g., using bio-char to convert agriculture waste to charcoal (69) ], methane, and BC directly from the air. Using a time frame of 50 years, we estimate that capturing 1 ton of BC or 20 tons of methane at the source will have the same effect on the watts as capturing 3,000 tons of CO 2 (also refer to ref. 57) . Although there are currently many efforts at capturing carbon in CO 2 (20) , we need to initiate research efforts to capture BC and the non-CO 2 GHGs, particularly methane and CO. The main advantage of non-CO 2 warmers is that the weight of the material to be captured is on the order of millions of tons and not billions of tons as in the case of CO 2 . If enough CO 2 , methane, and BC can be removed from the air, beginning in 2050, to reduce the energy addition by 0.1 Wm −2 each, the probability of exceeding 2°C by 2100 will be smaller than 15% compared with the 50% probability for the FMA case.
Invasive geoengineering involves many proposed solutions, but the ones that have received the most scrutiny are to add more reflecting particles in the stratosphere or to nucleate more cloud drops (67, 68) . Even these measures are proposed only under extreme situations such as the planet witnessing large and abrupt climate changes (67, 68) . Both of these options have unintended consequences (25) such as slowing down the global water cycle (24) or altering regional solar heating gradients, which can, in turn, change regional wind patterns in unpredictable ways (19) . The results shown here clearly suggest that we have to start examining these options, including scrutinizing the ethical and moral dimensions (70) . However, a broad-based mitigation strategy that includes both GHGs and air pollutants has the best chance for avoiding such unchartered avenues.
Fortunately, there is a great success story and a field-tested regulatory model in the case of non-CO 2 climate warmers. The enormous greenhouse effect of CFC-11 and CFC-12 was identified in the 1970s (71) , which revealed that the radiant energy addition per molecule of CFC-11 or CFC-12 was more than 10,000 times that of the CO 2 molecule. CFCs were regulated by the Montreal Protocol in 1987 because of their negative effects on stratospheric ozone. Had CFC-11 and CFC-12 not been regulated, their greenhouse effects would have added 0.6-1.6 Wm −2 of radiant energy by now (72) and could have exceeded the CO 2 effect during this century. We just have to repeat this successful model of avoiding dangerous climate changes.
